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We have developed an /n v/tro differentiation assay to characterize the ability of peptide growth factors to induce 
differentiation in mouse epiblast. We report that culturing explants of mouse anterior epiblast, a tissue normally fated to 
give rise to neuroectoderm and surface ectoderm, in a serum-free, chemically defined medium with 10-50 ng/ml of FGF-2 
induced gross changes in cell morphology. Treated cells adopted an elongated, flattened morphology but did not migrate 
from the explant. Instead, FGF-2-treated cells condensed into multicellular mounds or ridges. Immunocytochemistry 
showed that cells in treated explants expressed vimentin and in situ hybridization demonstrated that FGF-2 induced the 
expression of brachyury, goosecoid, and myo-D in regions of treated explants displaying morphological differentiation. 
Control explants cultured with platelet-derived growth factor AA (PDGF AA), transforming growth factor-ill (TGF-fll), or 
in defined medium alone showed no morphological or biochemical differentiation. These results indicate that FGF-2 altered 
the fate of mouse anterior epiblast from ectoderm to mesoderm in vitro. Cell migration, which is characteristic of primitive 
streak mesoderm in vivo, was not induced by FGF-2 in these assays. However, the changes in morphology and the 
expression of mesodermal genes/n vitro do support an early role for FGF signaling in the induction of mouse primitive 
streak mesoderm, as well as in later patterning events during embryogenesis. 0 1998 Academic Press 
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INTRODUCTION 
Before gastrulation i the mouse embryo, the cup-shaped 
epiblast (or embryonic ectoderm), which will give rise to all 
future embryonic structures, is covered by the visceral 
endoderm, a tissue that will give rise to only extraembry- 
onic support structures [Fig. 1). During gastrulation, the 
single-layered epiblast is transformed into the three pri- 
mary germ layers of the embryo, the ectoderm, the meso- 
derm, and the endoderm {Snell and Stevens, 1966]. This 
reorganization begins with the formation of the primitive 
streak in the future posterior of the embryo. The primitive 
streak is generated when posterior epiblast cells lose cell- 
cell contacts, digest away their underlying basement mem- 
brane, and migrate out of the epiblast and into the space 
between the epiblast and the visceral endoderm. Nascent 
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mesoderm cells migrate laterally and anteriorly from the 
primitive streak and differentiate into tissues, such as the 
heart and somites, that are precisely patterned along the 
anteroposterior and dorsoventral xes of the embryo. Both 
cell biologic and molecular genetic approaches have been 
used in efforts to determine how differential gene activity 
regulates cell behavior and cellular differentiation during 
mesoderm induction and patterning in the mouse embryo 
(reviewed by Pedersen and Burdsal, 1994). 
In previous work, we demonstrated that changes in cell 
adhesion mediated by E-cadherin could play a role in meso- 
derm induction in the posterior epiblast of the mouse embryo 
[Burdsal et al., 1993). When explants of posterior epiblast 
were treated with hinction-pertu~rbing antibodies against 
E-cadherin, a ceU-ceU adhesion molecule prominently ex- 
pressed in the epiblast [Damjanov et al., 1986), the cells 
lost their epithelial organization and adopted a migratory, 
fibroblast-like morphology. In addition, ceils that had under- 
gone this epithelial-mesenchymal transition {EMT) stopped 
expressing proteins characteristic of epiblast and began ex- 
pressing vimentin, an intermediate filament protein which is 
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expressed m the primitive streak mesoderm during gastrula- 
lion/.n v/vo (Jackson et al., 1981). Treated cells also adopted a 
cell-extraceUular matrix adhesive phenotype that was char- 
acteristic of mesoderm rather than epiblast. These/n ~tro 
results uggested that a signaling pathway that modulated the 
acti~ty of E-cadherin in the prospective posterior of the 
• epiblast could play an important role In inducing the first 
steps of mesoderm differentiation fi viva 
Current experiments in vertebrate embryogenesis uggest 
that such a signaling pathway may be mediated by peptide 
growth factors (reviewed by Beddington and Smith, 1993; 
Kessler and Melton, 1994). In the amphibian model, FGFs and 
activins play an early role in mesoderm induction and induce 
the differentiation of general trunk mesoderm. Later signals 
from Spemann's organizer dorsalize adjacent mesodermal 
cells during gastnflation while signaling via bone morphoge- 
netic protein-4 (BMP-4) appears to induce ventral mesoderm. 
Using genetic manipulations in amphibian embryos, Amaya 
et al. {1991, 19931 demonstrated that the expression of a 
dominant negative subunit of the FGF receptor (FGFR}, which 
blocks FGF signaling resulted in gross defects in the pattern- 
ing of posterior axial mesoderrn. Genetic manipulations in
amphibians also demonstrated that activins were unable to 
induce mesodermal gene expression I  the absence of intact 
FGF signaling pathways [LaBonne and Whitman, 1994; Cor- 
nell and Kimelman, 1994}. These data imply that FGF signal- 
ing plays a required early role in mesoderm induction and 
patterning in amphibians. 
In the mouse embryo, FGF3, 4, 5, and 8 are expressed in the 
mouse epiblast or primitive streak mesoderm during gastru- 
lation and could, therefore, induce the formation of mesoderm 
or influence its pattern of differentiation {Wilkinson et al., 
1988, 1989; Niswander and Martin, 1992; Haub and Goldfarb, 
1991; H6bert et al., 1991, 1994; Ohuchi et al., 1994; Crossley 
and Martin, 1995). The role of FGF3, 4, and 5 during mouse 
development finv/vo has been tested by gene targeting [Man- 
sour et al., 1993; H4bert et al., 1994; Yeldman et al., 1995). 
Null embryos that fail to express Fg[4 die after implantation 
but before gastrulation, while Fgf3 null mutants display ab- 
normal organogenesis of the tail and inner ear and Fgf5 null 
mutants display abnormal regulation of the hair growth cycle. 
The timing of embryonic lethality in Fg[4 null embryos allows 
no conclusion to be made regarding the role of FGF4 in 
mesoderm induction. In contrast, he defects in postgastrula- 
tion events of organogenesis that are apparent in Fg[3 and Fg[5 
null mutants uggest that neither molecule plays a required 
role in early mesoderm induction and patterning. However, 
functional redundancy is possible in the FGF signaling system 
because a significant level of cross-specificity exists in the 
binding of FGFs to their eceptors [FGFRs) (Omitz et al., 1996). 
Because another family member may compensate in the 
absence of FGF3 and FGF5, it cannot be concluded that these 
two FGFs play no role in early mesoderm induction and 
patterning. 
FGF signalIng pathways have also been ablated by tar- 
geted mutagenesis at the Fgfrl locus {Yamaguchi et al., 
1994; Deng et al., 1994}. Fgfrl null mutants displayed 
growth retardation, died by 9.5 days of development (E9.5), 
and showed defects in mesodermal patterning which in- 
cluded a thickening of the posterior primitive streak and 
the formation of axial mesoderm at the expense of paraxial 
mesoderm. This phenotype could have arisen because me- 
soderm cells along the anteroposterior axis displayed inap- 
propriate mitogenic responses and/or because mesoderm 
ceils failed to migrate and, therefore, failed to be allocated 
correctly following gastrulation in the absence of FGFR1 
function (Yamaguchi et al., 1994; Deng et al., 1994). In 
continuing studies, Ciruna et al. (1997) tested the hypoth- 
esis that mesoderm cells migrate inappropriately from the 
primitive streak in Fgfrl null mutants by examining the 
contribution of Fg[rl null embryonic stem (ES) cells in 
chimeric embryos. In those chimeras, mutant ES cells 
accumulated at the primitive streak and failed to populate 
the anterior mesoderm and endoderm lineages. These data 
suggest that improper migration through the primitive 
streak may be the primary defect which leads to the 
abnormal mesodermal patterning in Fgfrl null embryos. 
The functional tests of FGF signaling in the mouse (Man- 
sour et al., 1993; H6bert et al., 1994; Yamaguchi et al., 1994; 
Deng et ad., 1994; Ciruna et al., 1997) suggest hat FGF 
signaling plays a role in mesodermal patterning rather than 
primary mesoderm induction. In the amphibian system, /n 
v/tro analyses have proven invaluable in characterizing the 
ability of various signaling systems to induce or pattern 
mesoderm. Such an assay system has not been available in the 
mouse system. To more fully characterize the nature of FGF 
signaling in mesoderm differentiation i  the mouse embryo, 
we developed an/n v/tro assay in which isolated fragments of 
undifferentiated mouse pib]ast were cultured in a serum-free, 
chemically defined medium. In these assays, the ability of 
FGF-2 to influence differentiation i  explants of anterior 
epiblast was assayed morphologically and at the level of 
protein and nucleic acid expression. 
MATERIALS  AND METHODS 
Growth  Factors  and  Ant ibod ies  
Human recombinant FGF-2 {basic FGF} was purchased from 
Gibco/BRL {Gaithersburg, MD I. Human recombinant PDGF AA 
was obtained from Becton Dickinson/Collaborative Biomedical 
Products [Bedford, MAI. TGF-/31 was obtained from Genentech 
{South San Francisco, CA) or Becton Dickinson/Collaborative 
Biomedical Products. 
Monoclonal antibodies against vimentin [mouse IgMs) were 
obtained from Sigma Chemical Co. {St. Louis, MOI. A biotinylated 
anti-mouse IgM was obtained from Vector Laboratories, Inc. {Bur- 
lingame, CA), while Texas red-conjugated streptavldin was ob- 
tained from Amersham {Arlington Heights, IL). 
Animals  and  D issect ions  
Mice used in this study were CDI:ICR [originally obtained 
from Charles River Laboratories, Wilmington, /VIA}. Mice were 
maintained ina closed colony in our animal facility on a cycle of 
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FIG. 1. Dissection of mouse anterior epiblast. (A) The embryonic region of E7.3 mouse gg cylinders (below the dashed horizontal line in 
A) was isolated by manual dissection with glass needles (modified from Tam, 1990). (B) A second cut was made well in front of the migrating 
mesoderm (solid diagonal line in A and B) to isolate anterior fragments of the egg cylinder that contained epiblast and visceral endoderm. 
After enzymatic digestion, visceral endoderm was removed and discarded, and the remaining anterior epiblast fragments (C} were 
transferred to fibronectin-coated wells of glass chamber slides for in vitro cultuxe. (D) Using RT-PCR, the expression of brachyuzy was 
detected only in an intact E7.3 embryo and in the posterior regions (lanes labeled P} of three separate E7.3 embryos. No bracfiyray 
expression was detected in fragments ofanterior epiblast (lanes labeled A] used for Ln vitro differentiation studies. Distilled H20 which was 
used as a control was also negative. PCR detection of cytoplasmic actin (fl-actin) is shown below. EPC, ectoplacental cone; VE, visceral 
endoderm. Bar, 100/~m (for C). 
14 h.light/10 h dark (light period, 6:00 AM to 8:00 PM). All 
embryos were obtained after natural mating, with noon on the 
plug day designated as 0.5 days of gestation (E0.5]. 
Mid-gastrula stage mouse embryos (E7.3) were obtained by 
manual dissection. The embryonic region of the egg cylinder was 
first isolated by using glass needles [Fig. 1A, dashed line). A 
second cut was made well in front of the edge of the migratory 
mesoderm (Figs. 1A and 1B, diagonal solid line) to isolate 
anterior fragments of the egg cylinder. These fragments were 
treated for 10-15 min in 0.5% trypsin, 2.5% pancrearin Ca 2+, 
Mg2+-free phosphate-buffered saline on ice (Svajger and Levak- 
Svajger, 1975), and the visceral endoderm was teased away and 
discarded. The thick-walled appearance of anterior epiblast 
fragments viewed under the stereomicroscope is shown in 
Fig. 1C. Anterior epiblast fragments were transferred to the 
fibronectin-coated wells of glass chamber slides for in vitro 
culture as described by Burdsal et al. [19931. 
Reverse Transcription (RT) andPolymerase Chain 
Reaction (PCR) 
In a previous tudy (Buxdsal et at., 19931, it was demonstrated 
that pure fragments ofepiblast and/or mesoderm could be isolated 
from the primitive streak region of E7.3 mouse embryos via the 
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dissection protocol detailed above. To demonstrate that fragments 
of'anterior epiblast collected in this study were not contaminated 
with mesoderm, the following two tissue samples were collected 
from the same embryo: anterior epiblast (after emoval of visceral 
endoderm as shown in Fig. IC) and the primitive steak region of the 
egg cylinder [i.e., the region that remained after cuts were made to 
isolate anterior fragments). In addition, an intact E7.S embryo was 
• collected to serve as a positive control. Poly(A) + mRNAs were 
isolated from these samples using the PolyATtract System 1000 
(Promega, Madison, WS). To generate cDNAs, RT was performed in
a total of 20 p.1 using random hexamers at a final concentration f 
2.5/zdV[, MMLV reverse transcriptase at a final concentration f 2.5 
U//~I, and other reagents as per the instructions in the Perkin- 
Elmer GeneAmp RNA PCR kit [Foster City, CA). RT was per- 
formed as follows: reactions were incubated at 42°C for 1S rain, 
then at 99°C for S rain, and last, at 5°C for S min. 
To ensure that amplifiable cDNA but no genomic DNA was 
present in each sample, PCR was performed usIng primers that 
recognize/]-actin (Tokunaga et al., 1986). These primers produce a
243-bp roduct from cDNA templates and were designed to span an 
87-bp intron present in genomic DNA. Amplification of /3-actin 
was achieved over 26 cycles as follows: 94°C for I min; 65°C for 1 
min; and 72°C for 2 rain; followed by a final incubation at 72°C for 
7 rain. To assess the purity of the anterior epiblast explants, PCR 
was then performed using primers pecific for brachyury, a gene 
first expressed In posterior epiblast and in the primitive streak 
mesoderm in the mouse (Wilkinson et al., 1990]. These brachyury- 
specific primers recognize exonic sequences and generate a product 
of 323 bp (Stott et al., 1993). PCR was performed in a total of S0/zl 
using a final concentration f 0.2 v.M of each primer, 1.2S U of Taq 
polyrnerase per reaction, and reagents in the Perkin-Elmer Gene- 
Amp RNA PCR kit. Amplification of brachyury was achieved by 
heating samples for 5 rain at 94°C, followed by 30 cycles of 95°C for 
30 s, 55°C for 1 min, 72°C for 1 rain, and a final extension at 72°C 
for 7 rain. Reaction products were electrophoresed on 1.2% agarose 
gels, stained with ethidium bromide, and visualized and photo- 
graphed under Lrv illumination. 
Explant Culture and Growth Factor Treatment 
Explants of anterior epiblast consisting of 200-500 ceils were 
cultured on fibronectin-coated wells of 8- or 16-chamber slides for 
24-72 h in serum-free, chemically defined medium. The defined 
medium, modified from Burdsal et aL [1993], consisted of T + 2× 
AA medium [Spindle, 19901 supplemented with 0.2 p.g/ml insulin, 
MEM nonessential amino acids, nucleosides atthe concentrations 
listed by Robertson (19871, 100 jzg/ml streptomycin, 100 units/ml 
penicillin G, 4 mg/ml bovine serum albumin, 1 ng/ml epidermal 
growth factor, and mito + serum extender [Becton Dickinson) at 
twice the manufacturer's suggested concentration (i.e., a 1:500 
dilution of stock). Anterior epiblast displayed anchorage-dependent 
viability and in approximately 10% of explants, there were areas 
where cells had failed to attach and spread after overnight culture. 
These explants were excluded from further analyses. For treat- 
ments with growth factors, purified factors were added to a final 
concentration f 10, 30, or 50 ng/ml, depending on the experiment, 
and cultures were fed daily. 
hnmunof luorescence  
For staining with anti-vimentin antibodies, immunofiuores- 
cence was performed as previously described IBurdsal et at., 19931, 
except hat a 1:100 dilution of Texas red-conjugated streptavidin 
was used to localize bound primary and biotinylated secondary 
antibodies. Samples were viewed and photographed under epifluo- 
rescence. 
In Situ Hybridization 
Plasmids containing brachyury, goosecoid, and myo-D 
cDNAs were the kind gifts of Dr. B. Herrmann (Max-Planck- 
Institut, Ttibingen, Germany), Drs. M. Blum (Forschungszentrum 
Karlsruhe, Institut fur Genetik, Leopoldshafen, Germany) and E. 
De Robertis (UCLA School of Medicine, Los Angeles, CA), and Dr. 
A. Lassar (Hutchinson Cancer Research Center, Seattle, WA), 
respectively, in control assays, each in situ probe detected a pattern 
of gene expression i  E6.S-E10.5 embryos which matched pub- 
hshed reports. 
In sztu hybridization was performed as described by Burdsal et al. 
(1993) with the modifications described below. Samples were not 
rotated during incubations and the following incubation times 
were used: samples were incubated 30 rain in bleach, 1.5 rain in 
proteinase K, 3 mm m glycine, 10 mm in the second fixation step, 
and 30 mm in RNase. Hybridizations of brachyury and myo-D 
were carried out at 70°C, and hybridizations of goosecoid were 
carried out at 55°C. For hybridizations carried out on explants in 
the slide chambers, the evaporation ofhybndization solutions was 
minimized by incubating the samples with digoxigenin-labeled 
probes for 4 h [rather than overnight} and with anti-digoxigenin 
antibodies for only 3 h. This protocol resulted in a somewhat 
reduced signal intensity when compared w~th in situ hybridiza- 
tions performed on samples grown on coverslips and processed in
sealed vials (i.e., samples that were to be embedded and sectioned 
following/n situ hybridization, see below). In those experiments 
samples were incubated overnight with digoxigenin-labeled probes 
and 4 h in anti-digoxigenin a tibodies. 
Histology 
To facilitate mbedding and sectioning, some explants (includ- 
ing some processed for m sltu hybridization] were grown on 
Thermanox plastic overslips (Nunc, Inc., Naperville, ILl and fixed 
with 2% glutaraldehyde. Samples were embedded in plasuc as 
previously described (Burdsal et al., 19951 except hat coverslips 
were turned on their side in the embedding molds so that cross 
sections could conveniently be made. Sections were stained with 
hematoxylin and eosin as described by Burdsal et al. [19951. 
RESULTS 
In vivo, the anterior epiblast of the E7.3 or primitive 
streak-stage mouse embryo is organized as a columnar 
epithelium and the normal fate of this tissue is to form 
surface ctoderm and neuroectoderm (Lawson et al., 1991). 
Microdissections were performed to isolate explants of 
anterior epiblast composed of 200-400 cells (Figs. 1A-1C). 
We have shown previously that it is possible to obtain pure 
fragments of epiblast or mesoderm using the microdissec- 
tion protocol described here. For these experiments, we 
analyzed the purity of anterior epiblast explants by exam- 
ining the expression of brachyury by RT-PCR. In the 
embryo, brachyury is first expressed in the posterior epl- 
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blast at the site of the primitive streak and then in the 
migratory primitive streak mesoderm {Wilkinson et al., 
1990}. For these RT-PCR assays, the anterior epiblast and 
the remaining posterior fragment of E7.3 egg cylinders were 
collected from three separate mbryos. RT-PCR was per- 
formed as described under Materials and Methods and, as 
shown in Fig. 1D, brachyury expression was only detected 
in posterior fragments {which contain the primitive streak) 
and in the intact E7.5 embryo which was included as a 
positive control. Control reactions using distilled H20 were 
negative. The lower panel in Fig. 1D shows the expression 
of fl-actin detected by RT-PCR from the same samples. 
These results demonstrate hat the lack of brachyury signal 
in anterior fragments was not due to a lack of amplifiable 
cDNA in those samples, but rather indicated that neither 
posterior epiblast nor primitive streak mesoderm cells 
[which express brachyury) contaminated the anterior epi- 
blast fragments used for/n vitro differentiation assays. 
Following microdissection, anterior epiblast explants 
were cultured on a fibronectin substratum for 16-72 h in a 
serum-free, chemically defined medium [Fig. 2A). The ap- 
pearance of these control explants was that of a flat, 
coherent patch of cells displaying prominent cell-cell con- 
tacts and a typical epithelial organization. This organiza- 
tion was more easily visualized after explants were stained 
with hematoxylin [Fig. 2C). Even when maintained for 
72-120 h in the defined medium alone, explants displayed 
no morphogenetic changes but remained as flat epithelial 
sheets. To determine whether FGF signaling could alter the 
differentiation of anterior epiblast, explants were cultured 
in the presence of 10, 30, or 50 ng/ml FGF-2 in the defined 
medium. In contrast o untreated explants, those treated 
with as little as 10 ng/ml FGF-2 for 48-72 h displayed 
dramatic hanges in morphology {Figs. 2B and ZD). These 
changes included the formation of numerous elaborations 
and/or condensations of cells. These condensations varied 
greatly in size in treated explants and were present in both 
central [Fig. 2B, arrow) and peripheral regions [Figs. 2B and 
2D, arrowheads). When viewed under differential interfer- 
ence contrast [DIC} optics, the tissue condensations were 
seen to protrude above the surface of the original flat sheet 
of tissue. Staining with hematoxylin also revealed that in 
addition to the tissue condensations, the majority of treated 
ceils displayed an altered morphology compared to un- 
treated cells [Fig. 2D). 
In contrast o our previous tudy in which treatment of 
epiblast explants with function-perturbing antibodies 
against E-cadherin induced cells to lose cell contacts, flat- 
ten, and migrate [i.e., an EMT), FGF-2 treatment did not 
induce cells to migrate away from the edge of treated 
explants. Rather, in many sites within treated explants, 
groups of cells associated with one another and formed 
mounds or ridges composed of multiple cell layers [Figs. 
3A--(3D). In some instances, cells within a multilayered 
ridge displayed two morphologies: surface cells organized as 
a pseudostratified pithelium, and loosely associated subja- 
cent cells displaying an elongated, mesenchymal-like mor- 
phology [Fig. 3A}. The appearance of the smaller, more 
peripheral mounds of cells {indicated by arrowheads in Fig. 
2} is shown in Fig. 3D. During microscopic and histological 
analyses, no contracting tissue, which would indicate dif- 
ferentiation i to cardiac mesoderrn, nor vascular or hema- 
topoietic tissue [blood islands) were ever observed in these 
cultures (C. A. Burdsal, personal observation). As was 
observed under DIC optics, untreated anterior-epiblast 
explants displayed a flat epithelial morphology when sec- 
tioned {Fig. 3E). 
These results imply that FGF-2 induced not only a 
mitogenic response but also differentiation i treated ante- 
rior epiblast explants. While the appearance of FGF-2- 
treated explants varied greatly, morphological differentia- 
tion was observed at all FGF-2 concentrations tested (10, 30, 
and 50 ng/ml). In other experiments, neither PDGF AA nor 
TGF-fll used at 10, 30, or 50 ng/ml induced morphological 
changes in anterior epiblast explants (data not shown), 
indicating that the response observed in anterior epiblast 
cells was specific to FGF signaling. 
Because FGF signaling has been implicated in patterning 
embryonic mesoderm, we asked whether FGF induced the 
expression of mesodermal genes in treated explants. We 
first examined the expression of vimentin, an intermediate 
filament protein first expressed by the primitive streak 
mesoderm but not by the epiblast, during mouse gastrula- 
tion [Jackson et al., 1981). Immunocytochemistry demon- 
strated that after 48 h of FGF-2 treatment, extensive areas of 
treated explants displayed the characteristic fibrillar pat- 
tem of vimentin staining (Fig. 4A). Two rounded condensa- 
tions of cells are present in the FGF-2-treated explant 
shown in Fig. 4A [arrowheads) and only a background level 
of staining and not the fibrillar pattern of vimentin expres- 
sion was observed in these mounds. Control anterior ex- 
plants cultured in TGF-fll [Fig. 4B) and those cultured in 
serum-free, defined medium alone (not shown) failed to 
stain positively for vimentin. Explants of the posterior half 
of E7.3 embryos which contain primitive streak mesoderm 
cells were included as a positive control (Fig. 4C). 
To determine whether changes in gene expression were 
detectable at the RNA level, we performed in situ hybrid- 
ization on untreated control and FGF-2-treated anterior 
epiblast explants. In these assays, we first examined the 
expression of brachymy, a gene necessary for correct me- 
soderm differentiation i  vivo {Wilkinson et al., 1990}. 
After only 16 h in culture with 30 ng/ml FGF-2, two-thirds 
of the anterior explants expressed brachyury as indicated by 
the purple stain in the explant shown in Fig. 5A. Thus, 
brachyury expression was detected well before morphologi- 
cal differentiation was observed in FGF-2-treated explants. 
The stripe of brachyury expression shown in Fig. 5A was 
not the only expression pattern observed. Often round or 
irregular patches of brachyury-positive c lls were present in 
FGF-2-treated explants [arrowhead). In contrast o FGF-2- 
treated explants, control untreated anterior explants cul- 
tured for 16-24 h never expressed brachyury (Fig. 5B}. 
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FIG. 3. Histological analysis of untreated and FGF-Z-treated anterior epiblast explants. Explants were cultured on plastic coverslips in 
serum-flee, chemically defined medium alone or with the addition of 30 ng/ml FGF-2 for 72 h, fixed, embedded in plastic, sectioned, and 
stained with hematoxylin and eosin. {A-D} Varied morphology of central and peripheral condensations induced by FGF-2. {A) Large ridge 
or mound of tissue induced by FGF-2 in an anterior epiblast explant in which cells of two distinct morphologies are present. A 
pseud6stratified pithelium overlies a layer of cells more mesenchymal in appearance in this treated explant. (B) Larger, more centrally 
located accumulation ofcells induced by FGF-2. (C, D) Smaller and more peripheral tissue condensations induced by FGF-2. (E) Untreated 
explant after 72 h/n vitro. Bar in E, 40 ~m (for B-E}; 20 i.Lm {for A). 
FGF-2-treated explants hybridized with labeled sense 
probes were also negative (Fig. 5C). 
When brachymy expression was analyzed after 72 h of 
culture with FGF-2, 85 % (11 of 13) of FGF-2-treated anterior 
epiblast explants showed strong regional expression of 
brachym7 (Fig. 6A, photographed under a stereomicrocope}. 
In contrast, FGF-2-treated explants hybridized with sense 
probes specific for brachymy were negative (Fig. 6B), even 
though extensive regions displaying the typical morpho- 
logical differentiation of FGF-2-treated samples were 
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FIG.'4. Immunocytochemical detection of vimentin expression i  untreated and FGF-2-treated anterior epiblast explants. Explants were 
Ftxed in methanol:acetone and stained with monoclonal antibodies specific for the intermediate filament protein vimentin. IA) Anterior 
epiblast explant cultured for 48 h in serum-free, chemically defined medium with 80 ng/ml FGF-~. Arrowheads indicate rounded 
condensations of tissue that show only a background nuclear signal and not the fibriUar pattern of vimentin expression. {B) Anterior epiblast 
explant cultured for 48 h in serum-free, chemically defined medium without FGF-2. [C) Explant of the posterior half of an E7.8 embryo that 
contains the primitive streak mesodermal cells which served as a positive control. Bar, 20 ~m. 
present. These results support the conclusion that the 
strong staining which indicates brachyury expression in 
thickened regions of FGF-2-treated explants was not due to 
the nonspecific retention of /n situ probes b~t rather repre- 
sents the specific detection of brachyury transcripts in 
those regions. To allow better visualization f the organi- 
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zation of cells within and around regions that expressed 
brachyury in FGF-2-treated explants, samples hybridized. 
with antisense probes for brachyury were embedded in 
plastic, sectioned, and stained with hemat6xylin and eosin. 
As Figs. 6C and 6D show, areas that stained strongly for 
brachyury contained cells that were organized in multiple 
layers or areas where ceils were organized into rounded or 
elongated mounds of tissue. These morphologically distinct 
brachyury-expressing cells were adjacent to and contiguous 
with cells that remained organized as a flat epithelium and 
that did not express brachyury. Thus, the expression of 
brachyury was associated with morphological differentia- 
tion in FGF-2-treated explants. In contrast to FGF-2-treated 
explants, brachyury expression was never detected in con- 
trol untreated explants cultured for 72 h in defined medium 
alone IFig. 6E, photographed at lower magnification under 
the stereomicroscope). 
The homeobox gene, goosecoid, is expressed transiently 
in the primitive streak during gastrulation i  the mouse 
(Blum et al., 1992). In Xenopus, goosecoid is expressed in 
the organizer and the level of expression of goosecoid 
influences mesodermal cell fate {Niehrs et al., 1994). There- 
fore, we examined the expression of goosecoid in FGF-2- 
treated anterior epiblast explants. In nine of nine anterior 
epiblast explants treated with 30 ng/ml FGF-2 for 72 h, 
strong regional expression of goosecoid was detected (Fig. 
6F). Control untreated explants cultured for 72 h in defined 
medium failed to express goosecoid in these assays (Fig. 
6G). FGF-2-treated explants hybridized with sense probes 
for goosecoid were also negative {data not shown). 
In these in situ studies, we finally examined the expression 
of myo-D, a marker of paraxial mesoderm that is first ex- 
pressed in the somites of the mouse embryo (Sassoon et al., 
1989). Six of six anterior epiblast explants treated for 72 h with 
30 ng/ml FGF-2 showed strong expression ofmyo-D {Fig. 6Hi. 
To better illustrate the morphology ofmyo-D-expressing cells, 
a region of the myo-D-positive explant shown in Fig. 6H 
photographed at higher magnification under DIC optics is 
shown in Fig. 6I. The expression ofmyo-D was not detected in
untreated explants after 48-72 h of culture in defined medium 
alone (Fig. 6J, DIG optics). 
D ISCUSSION 
By use of an in vifro differentiation assay, we show that 
FGF-2 induced morphogenetic changes and the expres- 
FIG. 5. Brachyury expression in FGF-2-treated anterior epiblast 
explants. Samples were cultured in serum-free, chemically defined 
medium with or without FGF-2 and the expression of brachyury 
was analyzed by in situ hybridization. (A) FGF-2-treated explant 
cultured for 16 h with 30 ng/ml FGF-2 and hybridized with 
antisense probes specific for brachym~. Arrowhead indicates a
small peripheral patch of brachy'ury-expressing cells. {B} Anterior 
epiblast explant cultured for 16 h in serum-flee, chemically defined 
medium without FGF-2 and hybridized with antisense probes 
specific for brachyury. {C} Anterior epiblast explant cultured for 
16 h with 30 ng/ml FGF-2 hybridized with sense probes for 
brachyury. Explants were photographed under phase optics. Bar, 
10 ~rn. 
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sion of markers that are characteristic of embryonic 
mesoderm in explants of mouse anterior epiblast. Exten- 
sive cell-marking studies indicated that the fate of cells. 
in the anterior epiblast is to contribute to surface ecto- 
derm and neuroectoderm {Lawson et al., 1991). In other 
experiments focusing on this tissue, Ang et al. (1993) 
demonstrated that 50% of anterior epiblast explants, 
isolated from mid-streak stage embryos, expressed en- 
grailed genes after 2 to 4 days of isolation culture. 
Because engrailed expression is a marker for anterior 
neuroectoderm {Davis et al., 1988}, these data suggest 
that the (anterior) neural fate of mouse anterior epiblast 
is at least partially specified by mid-streak stages of 
development. The anterior epiblast used in this study 
was isolated from mid-streak embryos. Therefore, 
the induction of the mesodermal markers vimentin, 
brachyury, goosecoid, and myo-D, in treated anterior 
epiblast explants indicates that FGF signaling respecified 
the fate of anterior epiblast from ectoderm to mesoderm. 
Under the in vitro conditions used here, brachyury 
transcripts were detected after only 12-16 h in culture 
with FGF-2. In contrast, the addition of FGF-2 to a 
chemically defined medium did not affect the level 
brachyury expression i  embryoid bodies composed of ES 
cells (Johansson and Wiles, 1995). ES cells are derived 
from the inner cell mass and are thought to model the 
primitive ectoderm in vitro (Robertson, 1987}. Therefore, 
our data suggest that mouse E7.3 epiblast is competent to 
respond to FGF-2 signals while primitive ectoderm (or ES 
cells) is not (Johansson and Wiles, 1995). In vivo, aberrant 
FGF signaling in Fgfrl null mutants altered the pattern of 
brachyury expression in the axial mesoderm (Deng et al., 
1994; Yamaguchi et al., 1994), but our study is the first to 
demonstrate that FGF signaling can induce brachyury 
expression in undifferentiated mouse epiblast. These 
results are consistent with those in amphibians where 
the fate of animal cap tissue was altered in response to 
FGF signaling (Smith et al., 1991). In ascidians, FGF-2 
also induced the expression of brachyury (As-T) in vitro, 
but only in blastomeres normally fated to give rise to 
notochord (Nakatani et al., 1996). 
Morphological and biochemical differentiation was in- 
duced by FGF-2 at all concentrations tested (10, 30, and 
50 ng/ml) in these assays. While a concentration- 
dependent effect, such as that observed in the amphibian 
system, was not observed in this study, the pattern of 
changes induced by FGF-2 treatment was highly repro- 
ducible. By in situ hybridization, brachyury expression 
was detected after only 12-16 h of culture in vitro, but 
significant changes in morphology were not observed in 
FGF-2-treated explants until approximately 48 h. At that 
time, vimentin expression was also observed in FGF-2- 
treated explants. Growth, changes in cell morphology, 
and brachyury expression continued with 72 h of culture 
and the expression of goosecoid and myo-D was detected 
at that time. Extensive microscopic examination and 
histological analyses demonstrated that no tissue with 
characteristics of ventrolateral mesoderm, that is, blood- 
forming tissue or contracting cardiac mesoderm was 
induced by FGF-2 in these cultures (C. A. Burdsal, 
personal observation). Thus, the molecular markers in- 
duced by FGF-2 in this study are most consistent with 
cells assuming the phenotype of early primitive streak 
mesoderm and/or dorsal mesoderm. 
Morphological and biochemical differentiation was in- 
duced by FGF-2 but not PDGF AA nor TGFq31 in these 
assays. A distinctive characteristic of this FGF-2-induced 
gene expression was that it always correlated with spe- 
cific morphological features in treated explants. For ex- 
ample, vimentin expression was always associated with 
areas in which cells exhibited a flattened, elongated 
morphology. With continued time in culture, extensive 
morphological differentiation was observed in vitro and 
the expression of brachyury, goosecoid, and myo-D was 
found to correlate with regions in treated explants in 
which cells were condensed into three-dimensional 
structures. These FGF-2-induced tissue condensations 
are reminiscent of notochord and/or somite formation 
FIG. 6. Brachyury, goosecoid, and myo-D expression i  untreated and FGF-2-treated anterior epiblast explants. (A} Anterior epiblast 
explant cultured for 72 h in serum-free, chemically defined medium with 30 ng/ml FGF-2 and hybridized with antlsense probes pecific for 
brachyury. (B) Anterior epiblast explant cultured for 72 h in serum-free, chemically defined medium with 30 ng/ml FGF-2 and hybridized 
with sonse probes pecific for brachyury. (C) Anterior epiblast explant cultured in serum-free, chemically defined medium with 50 ng/ml 
FGF-2, hybridized with antisense probes pecific for brachyury, embedded inplastic, sectioned, and stained with hematoxylin and eosin. 
(D} Another FGF-2-treated anterior epiblast explant with a brachyury-positive peripheral condensation of cells (viewed at a low 
magnification todemonstrate he epithelial organization ofcells outside the condensation). (E}Untreated anterior epiblast explant cultured 
for 72 h in serum-free, chemically defined medium and hybridized with antisense probes for brachyury. (F) Anterior epiblast explant 
cultured for 72 h in serum-free, chemically defined medium with 30 ng/ml FGF-2 and hybridized with antisense probes pecific for 
goosecoid. (G) Untreated anterior epiblast explant cultured for 72 h in serum-free, chemically defined medium and hybridized with 
antisense probes for goosecoid. (H) Anterior epiblast explant cultured for 72 h in serum-free, chemically defined medium with 30 ng/ml 
FGF-2 and hybridized with antisense probes pecific for myo-D. (I) Same explant as in H viewed at higher magnification and photographed 
under DIC optics. (J} Untreated anterior epiblast explant cultured for 72 h in serum-free, chemically defined medium alone and hybridized 
with antisense probes for myo-D. Bar in D, 10 tzm {for C and D); bar in H, 70 v.m (for A, B, F, and H), 170 van (for E and G); bar in J, 16 ~m 
(for I and J}. 
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and suggest a possible differentiation into axial and/or 
paraxial mesoderm-l ike cells. These data suggest that 
cells with characteristics of early streak mesoderm 
and/or dorsal mesoderm were induced by FGF-2 in these 
assays. 
The morphological and molecular analyses presented 
here indicate that FGF-2-treated cells display some but 
not all the characteristics of an EMT. One characteristic 
of mesenchymal  cells, including primit ive streak meso- 
derm cells, that was not seen in FGF-2-treated explants is 
cell migration {Hashimoto et al., 1987; Burdsal et al., 
1993J. Although strict migration assays were not per- 
formed here, cells were never observed to "scatter,"  that 
is, to migrate as single cells from the edge of an explant. 
In addition, we showed that treatment of mouse posterior 
epiblast cells with function-perturbing antibodies against 
E-cadherin induced the expression of v iment in and the 
migration of cells away from the edge of treated explants 
and from one another [Burdsal et al., 1993). Here, we 
report that cells in FGF-2-treated anterior epiblast ex- 
plants assumed a mesenchymal morphology and ex- 
pressed several mesodermal genes, including vimentin,  
but did not display a migratory phenotype similar to that 
induced by anti-E-cadherin antibodies. Thus, our 
E-cadherin study and this report accent two of the 
mult iple signaling pathways that are l ikely to play a role 
in mouse mesoderm induction. These data suggest hat 
there are FGY-independent signals which can induce 
differentiation and migration in streak cells by modulat- 
ing E-cadherin function. They also suggest that other 
FGF-dependent signals, which do not induce migration, 
also function at the primit ive streak and that these 
signals can induce an overlapping set of mesodermal 
characteristics such as the expression of vimentin.  In 
contrast o this model, a requirement for signaling via the 
FGFR-I for nascent mesoderm cells to migrate is sup- 
ported by the study of Ciruna et al. [1997} in which Fgfrl 
null ES cells accumulated at the primit ive streak rather 
than migrating through it. However, whether FGF signal- 
ing can directly influence E-cadherin function and/or cell 
adhesion at the mouse primit ive streak remains to be 
shown experimentally. 
The data reported here and the results of other investiga- 
tions indicate that multiple signals regulate the induction 
of mesoderm migration and differentiation in the mouse 
embryo. For example, nascent mesoderm cells fail to differ- 
entiate and leave the primitive streak in both nodal and 
bone morphogenetic protein receptor {Bmpr) null mutants, 
indicating a required role for factors in the TGF-/3 family in 
primary mesoderm induction {Coulon et al., 1991; Iannac- 
cone et al., 1992; Zhou et at., 1993; Mishina et at., 1995}. A 
mutation in the mesoderm deficiency {msd) gene also 
results in the failure of primitive streak formation and the 
failure of migratory mesoderm to arise at the time meso- 
dermal gene expression is initiated {Holdener et al., 1994}. 
The msd gene product is as yet uncharacterized, but it 
appears that the lack of this gene product renders cells 
unable to respond to inducing signals. 
The above mutations result in the failure of mesoderm 
induction; however, mutations in other genes that encode 
signhling molecules, including FGF family members [Man- 
sour et al., 1993; H4bert et al., 19941, BMP-4 (Winnier et al., 
19951, and Wnt-3a {Takada et at., 1994) show defects in later 
mesodermal patterning events. How the vertebrate mbryo 
coordinates the processes of determination, migration, and 
cellular differentiation at the molecular level during gastru- 
lation remains one of the complex problems to be addressed 
in development at present. The development and use of /n  
vitro assays such as the one described here will greatly aid 
our ability to unravel the complex net of cell signaling 
which serves to induce and pattern mesoderm differentia- 
tion in the mouse. 
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